To explain why mitochondrial DNA (mtDNA)-depleted or rho0 cells still keep a mitochondrial membrane potential (∆ψm) in the absence of respiration, several hypotheses have been proposed. The principal and well accepted one involves a reverse of action for ANT combined to F1-ATPase activity. However, the existence of other putative electrogenic channels has been speculated. Here, using mRNA differential display reverse transcriptase-polymerase chain reaction on L929 mtDNA-depleted cells, we identified mtCLIC as a differentially expressed gene in cells deprived from mitochondrial ATP production. Mitochondrial chloride intracellular channel (mtCLIC), a member of a recently discovered and expanding family of chloride intracellular channels, is up-regulated in mtDNA-depleted and rho0 cells. We showed that its expression is dependent on CREB and p53 and is sensitive to calcium and tumor necrosis factor α. Interestingly, up-or down-regulation of mtCLIC protein expression changes ∆ψm whereas the chloride channel inhibitor NPPB reduces the ∆ψm in mtDNA-depleted L929 cells, measured with the fluorescent probe rhodamine 123. Finally, we demonstrated that purified mitochondria from mtDNA-depleted cells incorporate, in a NPPB-sensitive manner, more 36 chloride than parental mitochondria. These findings suggest that mtCLIC could be involved in mitochondrial membrane potential generation in mtDNA-depleted cells, a feature required to prevent apoptosis and to drive continous protein import into mitochondria.
mtDNA-depleted or rho0 cells, obtained by chronic treatment with ethidium bromide, are commonly used as a model to study chronic impairment of mitochondrial activity by itself as well as its consequences on cell physiology (7) . Among the genes encoded by mtDNA, 13 encodes peptides involved in the mitochondrial respiration, so mtDNA-depleted cells are characterized by the absence of respiration. Furthermore, molecular communication between impaired mitochondria and the nucleus leads to a change in nuclear gene expression, and several studies have focused on mtDNA defects that affect nuclear gene expression in yeast (8) or mammalian cells (9) (10) (11) .
mtDNA-depleted cells display astonishing features. For example, the maintenance of mitochondrial structure even in the absence of mtDNA suggests that the import of mitochondrial proteins encoded by the nucleus is still preserved (12) . Furthermore, a ∆ψm can still be measured while transmembrane proton pumping during electron transfer is abolished (13) . These authors have demonstrated that the adenine nucleotide translocator (ANT) exchanges ATP 4-against ADP 3- to maintain a mitochondrial potential and that F1-ATPase could be essential in maintaining cell growth and membrane potential of human mtDNA-depleted rho0 cells (13) . However, several issues related to mitobiogenesis and maintenance of a mitochondrial potential in mtDNA-depleted cells remain poorly understood (10) . Indeed, it is not ruled out that electrogenic pumps other than ANT might play a role as it has been previously reported that transport of mitochondrial proteins such as the ADP/ATP carrier could be driven by a potassium diffusion potential (14) . Our working hypothesis is that mitochondrial biogenesis and ∆ψm could result from an altered expression of nuclear genes induced by mtDNA depletion.
Mouse mitochondrial chloride intracellular channel (mtCLIC) belongs to a superfamily of putative intracellular anion channels that are collectively called CLIC proteins. Five genes encoding CLIC members have been identified so far in humans that consist only of the highly conserved carboxy-terminal domain of the first discovered bovine p64 channel (15) (16) (17) (18) (19) (20) . Several roles and functions such as a role in cell proliferation and interactions with cytoskeletal components have been suggested for these proteins, mainly based on their tissue expression, subcellular localization, and the identification of protein-protein interactions (15, 19, 21) . The mtCLIC gene encodes an intracellular chloride channel with an intriguing dual cytosolic and mitochondrial localization and has been recently identified as a differentially expressed gene in keratinocytes from p53 +/+ or p53 −/− mice (22) . While an active chloride transport has been demonstrated for several members in vitro (23) as well as inside the cells for CLIC4, the human mtCLIC ortholog (24) , little is known about the possible functions of CLIC proteins. Furthermore, it is still a matter of debate whether or not these proteins are part of a channel complex or are channels themselves (25) .
In an attempt to study differentially expressed genes in response to chronic mitochondrial dysfunction, we used mRNA differential display reverse transcriptase-polymerase chain reaction (DD-RT-PCR) to identify new mitochondria-responsive genes in mtDNA-depleted L929 cells. We found that mtCLIC is up-regulated in response to mitochondrial impairment and is involved in the maintenance of a ∆ψm in these cells.
MATERIALS AND METHODS

Reagents and cell cultures
All reagents for molecular biology were from Promega (Madison, WI) and the 143B (human osteosarcoma) cells and rho0 143B, wild-type MERRF cybrids and mutated (A8344G) MERRF cybrids (25) , L929, and mtDNA-depleted L929 (murine fibrosarcoma) cell lines are generous gift from Dr. J. Grooten (University of Ghent, Belgium) and have been described previously (26, 27 Rhodamine 123, nonyl acridine orange (NAO), Mitotracker Red, and BAPTA-AM were purchased from Molecular Probes (Eugene, OR). The different cell lines were grown in high glucose (4.5 g/l) Dulbecco's modified Eagle's medium (DHG) supplemented with 10% fetal bovine serum (FBS) (Gibco-BRL, Gaithersburg, MD) in a 5% CO 2 incubator. mtDNA-depleted L929 and rho0 143B cells were grown in the presence of ethidium bromide at 400 ng/ml, uridine (50 µg/ml), and pyruvate (1 mM).
Measurement of mitochondrial membrane potential in L929 and mtDNA-depleted L929 cells
The mitochondrial membrane potential was measured using the fluorescent probe rhodamine 123 (R123) as described previously (13, 28) . As a cationic dye, R123 accumulates in the mitochondria driven by a ∆ψm, and the changes in membrane potential are determined by changes in total fluorescence intensity (29) . The fluorescence of NAO has been widely described to be proportional to the amount of cardiolipin and is commonly used to compare the amount of mitochondrial membranes. Briefly, cells were seeded in 24-well plates 24 h before the assay and incubated with 10 µM NAO or R123 in HBSS. When indicated, NPPB was added for 16 h before fluorescence determination. In some conditions, cells have been transiently transfected (Superfect, Qiagen, Valencia, CA) with 1 µg of pGL2 vector (control) or 1 µg of a plasmid encoding either dominant negative mutants [K-CREB, p53(R175H)], GFP-tagged mtCLIC at the 5′ or 3′ end or full-length untagged mtCLIC. After the incubations or 24 h post-transfection, cells were washed once with HBSS and incubated with the flurorescent probes. Fluorescence was measured in a microplate fluorescence reader (Fluo Star) with excitation at 485 nm and emission at 535 nm (30) .
Adenine nucleotide translocase activity assay
Cell fractionation and mitochondria purification were performed on ± 10 8 cells in a 250 mM sucrose/3 mM imidazole buffer, pH 7.5, according to the protocol described previously (31) . Adenine nucleotide translocase activity was determined in terms of atractyloside-sensitive ADP uptake (32) . Briefly, 50 nmol of [
14 C]-ADP (50 mCi/mmol) were added to the reaction media containing 110 mM KCl, 20 mM Tris-HCl, and 1 mM EDTA at pH 7.4 and an equivalent of 50 µg of mitochondrial suspension from L929 or L929 mtDNA-depleted cells corresponding to 50 µg of mitochondrial proteins determined by the Bradford method (33). The reaction was carried out at 4°C to preserve ADP and stopped after different times by the addition of 100 µM atractyloside (34) . The reaction mixture was centrifuged at 13,000 rpm for 5 min, and the supernatant was discarded. The pellet was washed twice with ice-cold reaction medium, dissolved in 0.2 ml of NaOH (0.5 N), and counted for radioactivity in a liquid scintillation counter. In some conditions, tests were performed with 50 nmol of [
14 C]-ATP with or without a 10 min preincubation with 5 mM ADP to look for reverse translocase activity and ATP incorporation.
RNA isolation and differential display
First, total mRNA was isolated from L929 and mtDNA-depleted L929 cells using the SV Total RNA Isolation System (Promega) and treated with 10 units of RNase-free DNase I (Roche, Indianapolis, IN). The DNA-free RNA was precipitated with ethanol and dissolved in DEPC (diethyl pyrocarbonate)-treated water. cDNAs were generated in RT reactions containing 0.2 µg of total RNA, RT buffer (25 mM Tris-HCl, pH 8.3, 38 mM KCl, 1.5 mM MgCl 2 , and 5 mM DTT), 200 U of Superscript II RNase H -reverse transcriptase (Gibco), 5 mM of dNTP, and 1 µM of one of four 3′ degenerate anchored oligo-dT primers with the following sequences: T 16 VA, T 16 VT, T 16 VC, and T 16 VG (Eurogentech, Seraing, Belgium). Amplification of cDNA fragments was performed by PCR using a set of 16 random primers (Eurogentech) in the presence of 1 µCi [α-
32 P]-dATP and Taq polymerase (PerkinElmer-Roche). The amplified cDNAs were separated on a 6% polyacrylamide nondenaturing sequencing electrophoresis gel in Tris-borate buffer at 80 V, dried, and exposed to autoradiography. Only differentially overexpressed cDNAs were excised from the gels, rehydrated, reamplified with the same set of primers, and cloned into the pGEM-T easy vector (Promega). The plasmids were purified with the Wizard Plus Miniprep Kit (Promega). Cloned fragments were sequenced using the ABI PRISM Dye Terminator Sequencing technique (PerkinElmer-Roche). GenBank TM comparison computations were performed at the NCBI using the nucleotide sequence similarity search program, Blastn (http:ncbi.nlm.nih.gov)
Northern blot and reverse northern dot-blot analysis
Total RNA was extracted from either L929 or L929 mtDNA-depleted cells using the RNAgents kits (Promega), and 20 µg of RNA were fractionated on a denaturing 1.5% agarose-formaldehyde gel and transferred overnight by capillary blotting (10 X SSC) onto Hybond N + nylon membranes (Amersham, Piscataway, NJ). After UV cross-linking (0.2 J/cm 2 ), prehybridization was performed in rapid-high-buffer (Amersham) and hybridization was carried out for 2.5 h at 45°C with PCR-amplified cDNA inserts labeled with 32 P by random priming using the Rediprime DNA labeling system (Amersham). Membranes were then washed with 2× SSC, 0.1% SDS at room temperature followed by three washes for 30 min at 50°C with 0.2 SSC, 0.1% SDS. Conditions for GAPDH were the same except that the hybridization and washes were performed at 65°C. Hybridization signals were analyzed by autoradiography. Changes in the steady-state levels of differentially expressed mtCLIC mRNA in mtDNA-depleted cells was also determined by reverse Northern dot-blot analysis (35) . Briefly, the cDNA, cloned into pGEM-T was amplified using primers that anneal T7 and SP6 RNA polymerase binding sites flanking the inserts. Approximately 200 ng of purified amplicons using the PCR spin columns (Qiagen) were spotted in triplicates on Hybond N+ nylon membrane (Amersham) using a Mannifold (Bio-Rad, Hercules, CA). cDNAs were generated from a mixture of mRNAs in 25 µl RT reactions that contain 2 µg of poly(A+) RNA from L929 or mtDNA-depleted cells, 1 µg of oligo-dT primers, reverse transcriptase buffer containing the different dNTP, 200 units of enzyme, 20 units of RNase inhibitor, and [α-
32 P]-dCTP (3000 Ci/mmol). The reaction mixture was incubated at 37°C for 1 h and then at 95°C for 5 min to terminate the reaction. Hybridization with labeled cDNA and washing conditions were the same as for Norhtern blot analysis.
Immunofluorescence confocal laser scanner microscopy (CLSM)
Cells were fixed and permeabilized with methanol/acetone (20/80%). Cells were rinsed three times with PBS, and unspecific sites were blocked with 1% BSA in PBS for 15 min. For COX I detection, cells were incubated 1 h with a monoclonal antibody against mouse COX I protein (Molecular Probes) at a 1/20 dilution. Cells were immunostained for mtCLIC using a rabbit antibody raised against the COOH-terminal domain of the protein at 1:4000 (a generous gift from Prof. Yuspa, National Institutes of Health, Bethesda, MD). Cells were then washed three times with PBS and incubated with (1:1000) anti-rabbit Ig Alexa-conjugated antibodies (Molecular Probes) for 1 h at 37°C and processed for confocal microscopy (Leica, Heidelberg, Germany).
Western blotting analysis
Cells were harvested in PBS after the different treatments and lysed in 1 ml of lysis buffer (150 mM NaCl, 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 1 mM EGTA, 1 mM Na 3 VO 4 ) containing 1% Triton X-100 and a protease inhibitor cocktail (Roche). Total protein extracts were prepared from 143B, 143B rho0, wild-type MERRF cybrids, mutated (A8344G) MERRF cybrids, mtDNA-depleted cells, and L929 incubated or not for 6 h with 10 µM FCCP, 1 µM Antimycin A, and 8 µM oligomycin for 14 h with tumor necrosis factor (TNF)-α (10, 40, or 80 ng/ml), with ionomycin (10, 100, or 1000 nM) or BAPTA-AM (1, 5, 10, or 20 µM). In some experiments, cells were transiently transfected by Superfect (Qiagen) with 5 µg of plasmids encoding either wild-type p53 (pC53-SN3), full-length mtCLIC, dominant negative mutants for CREB (K-CREB), or p53 (p53 R175H) before sample preparation. mtCLIC immunoblotting analyses were performed with 15 or 20 µg of protein, and membranes were blocked overnight at 4°C in 5% nonfat dry milk (Gloria)-TBST (Tris buffer saline Tween-20). The incubation with primary rabbit anti-mtCLIC antibodies (1:4000) (a gift from Prof. Yuspa) or anti-p53 (BD Biosciences Pharmigen) was followed by incubation with horseradish peroxidase-coupled secondary antibodies (Dako Diagnostics, Canada). Protein loading was analyzed by the immunodetection of α-tubulin (Santa Cruz Biotechnology, Santa Cruz, CA). Immobilized antibodies were detected by ECL (NEN) and autoradiography.
Luciferase assay
For p53 transcriptional activity determination, L929 or mtDNA-depleted cells were seeded in 12-well plates and transiently co-transfected by the Superfect reagent (Qiagen) with 0.25 µg/well of a p53-responsive luciferase reporter construct (pG13-Luc) and 0.25 µg/well of a β-galactosidase expression vector. After 24 h post-transfection, L929 cells were treated or not for
Co-immunoprecipitation experiments
The endogenous p53 was immunoprecipitated with 10 µg of an anti-p53 (Ab-1/epitope aa 371-380) antibody (Oncogene, Boston, MA) from clear lysates of mtDNA-depleted L929 cells or L929 prepared 24 h after cells that have been transiently transfected with 5 µg of plasmid encoding GFP (control) or K-CREB. Immune complexes were immobilized by adding 75 µl of protein G PLUS-protein A-Agarose mixture (Oncogene) and were washed three times, and 40 µl of sample buffer were added. Western blot analysis for immunoprecipitated p53 and co-immunoprecipitated CREB were performed with an antibody raised against p53 (PharMingen) and CREB (Upstate Biotechnology, Lake Placid, NY).
Chloride uptake
Chloride uptake through conductive pathways was evaluated by 36 Cl − influx driven by a transmembrane Cl − gradient. To measure mitochondiral uptake, 15 µg of mitochondrial proteins (determined by the Bradford method) were incubated in a buffer (10 mM Tris-HCl, pH 7.2, 300 mM mannitol, 10 mM KCl, 2.5 mM K 2 HPO 4 , and 0.2 mM EDTA) containing 1.5 µCi/ml of chlorine-36 (>3 mCi/g chlorine, 108 µCi/ml). In some conditions, mitochondria were preincubated with NPPB for 15 min before the assay. At the end of the incubations, mitochondria were rinsed twice with 150 µl of the buffer, pellets were hydrolyzed with 40 µl of 0.5 N NaOH, and radioactivity was counted.
Down-regulation of mtCLIC expression by siRNA and effect on the mitochondrial membrane potential in mtDNA-depleted L929 cells
siRNA with the following sense and antisense sequences were used: specific siRNA for mtCLIC or siRNA-1, 5′-CACUGCUGGAAUGGACAUC-3′ (sense), 5′-GAUGUCCAUUCCAGCAGUG-3′ (antisense), corresponding to mtCLIC sequence in the core region from nt 514 to nt 532. A siRNA-2 that contains the same amount and same type of nucleotide in a different sequence was used as a negative control. The siRNA-2 sequence is 5′-AGUCGCAACGAAUGCUCUG-3′ (sense), 5′-CAGAGCAUUCGUUGCGACU-3′ (antisense). siRNA-2 does not match any mouse sequences in a Blast search. All siRNAs were purchased from Eurogentec. After annealing of siRNA (stock concentration of 20 µM), mtDNA-depleted cells were seeded at 100,000 cells/well in a 12-well plate and transfected for 4 h with JetSI according the manufacturer's recommendations (Eurogentec) to allow the duplex siRNA (50 nM) to enter the cells. At the end of the incubation, culture media with 10% FBS was added for an extra 24 h. Cells were then rinsed, and cells were either prepared for mtCLIC analysis by Western blotting using 20 µg of proteins or incubated with R123 for mitochondrial membrane potential measurements as described above. Potential toxicity of JetSI was monitored on cells incubating with the transfection agent without siRNA.
Statistics
All experiments were performed at least twice, and one set of representative results was shown.
Results are expressed as means ± SD. When mentioned, statistical significance was determined by Scheffé's contrasts after ANOVA I. Values of P < 0.05 were considered to be significant.
RESULTS
Mitochondria of mtDNA-depleted L929 cells maintain a membrane potential
While already observed and reported for other cell lines depleted in mtDNA (12, 13), we confirmed with electron microscopy studies that mtDNA-depleted L929 cells retain their round shaped and swollen mitochondria (data not shown). Furthermore, when these cells are stained with Mitotracker Red, a fluorescent probe that accumulates in mitochondria with a ∆ψm, we observed a similar mitochondrial punctuated pattern in both cell lines, showing that mitochondrial structure with a ∆ψm is still observed in mtDNA-depleted L929 cells (data not shown).
These results were supported using a mitochondrial abundance assay based on nonyl acridine orange (NAO) accumulation, followed by a spectrofluorimetric determination of total fluorescence. As shown in Figure 1A , L929 and mtDNA-depleted cells were equivalently loaded with the NAO, according to the cell density. NAO accumulation was not reduced when L929 cells were pretreated with 1 µM FCCP for 2 h before the assay (Fig. 1A) , confirming that NAO accumulation is independent of ∆ψm. Interestingly, when rhodamine 123 (R123) accumulation is used to measure the mitochondrial membrane potential, mitochondria from mtDNA-depleted L929 cells seem to incorporate less probe than the parental cells (Fig. 1B) . These results confirm that mitobiogenesis still occurs in mtDNA-depleted L929 cells but also that mitochondria of these cells retain an electrochemical gradient that generates a potential while the respiration is absent (26, 36) .
Mitochondria of mtDNA-depleted L929 cells incorporate ADP but not ATP
According to the hypothesis that ATP produced by glycolysis in the cytosol is imported into mitochondria and is used by the F1-ATPase to generate the mitochondrial membrane potential (13), we next compared ADP and ATP incorporation in mitochondria of mtDNA-depleted L929 cells. We investigated the atractyloside-sensitive incorporation of [ 14 C]-ADP as a measure of the activity of adenine translocase. As shown in Figure 2A , there is a slight increase and more rapid (Fig. 2B) even after a preincubation of the mitochondria with 5 mM ADP to ensure that ADP/ATP transport that works as an antiport is functional (Fig. 2B) . We thus never found any reverse translocase activity leading to ATP incorporation in mitochondria of mtDNA-depleted L929 cells.
mtCLIC is an up-regulated gene in response to mitochondrial dysfunction mRNA expression patterns of L929 and L929 mtDNA-depleted cells were compared by mRNA differential display in order to identify genes whose transcription is regulated by mitochondrial dysfunction. A total of 15 arbitrary primers were used and paired with one of four 3′ degenerate anchored oligo-dT primers to amplify cDNAs prepared from L929 and L929 mtDNA-depleted cells (Table 1) . Among the different overexpressed cDNA fragments obtained for L929 depleted cells, a cDNA clone was successfully isolated with DDF2 and TVA primers and identified as mtCLIC after sequence determination (Fig. 3) . Northern blot (Fig. 4A ) and reverse Northern dot-blot analysis (Fig. 4B) were used to confirm that the differentially expressed cDNA fragment represents a mRNA whose steady-state level changes in mtDNA-depleted L929 cells. At the protein level, mtCLIC overexpression in these cells was also confirmed by confocal microscopy (Fig. 4C ). Cells were stained for mtCLIC or COXI, the subunit I of cytochrome oxidase encoded by the mitochondrial genome. As expected, mtDNA-depleted L929 cells do not express COXI whereas mtCLIC is more abundant in these cells. The dual, cytosolic and mitochondrial, localization of mtCLIC already reported (22) was also confirmed in mtDNA-depleted L929 cells (data not shown).
Furthermore, in order to verify that mtCLIC up-regulation is the result of a true mitochondrial inhibition and not of a nonspecific response to ethidium bromide, we performed Western blot analysis for mtCLIC from cleared lysates of mtDNA-depleted L929 or L929 cells treated or not with oligomycin, antimycin A, and FCCP. All these molecules are able to increase the expression of mtCLIC (Fig. 5A) . We also confirmed that the overexpressed mtCLIC in mtDNA-depleted L929 cells localized more abundantly in mitochondria (Fig. 5B ). An increase in expression of the human ortholog CLIC4 was also found in a human osteosarcoma 143B cell line, completely depleted of the mitochondrial genome (rho0 143B) as well as in a MERRF cybrid cell line derived from rho0 143B cells that were repopulated with mitochondria containing a point mutation (A8344G) in the tRNA Lys codon leading to a mitochondrial dysfunction (Fig. 5C ) (7).
CREB-regulated p53 transcriptional activity controls mtCLIC expression in response to mitochondrial dysfunction
Data have been recently published suggesting that mtCLIC is an essential gene in keratinocyte differentiation that is regulated by p53 and TNF-α (22) . As shown in Figure 6A , mtCLIC expression is also induced in L929 cells that overexpress wild-type p53. Cells transiently transfected with a construct encoding the full-length mtCLIC were used as a positive control. The regulation of mtCLIC in L929 is also sensitive to TNF-α as demonstrated by the important increase of mtCLIC abundance after cells have been treated for 14 h with 10, 40, and 80 ng/ml of TNF-α (Fig. 6B) . We next investigated whether or not p53 transcriptional activity was affected in L929 mtDNA-depleted and L929 cells treated with mitochondrial inhibitors or TNF-α. Therefore, transfection assays with a p53-dependent luciferase reporter gene were performed. As observed in Figure 6C , luciferase activity is strongly and constitutively increased in mtDNA-depleted L929 cells while antimycin A, oligomycin, and TNF-α enhance p53-dependent luciferase activity in L929 cells. It is thus worthwile to note that molecules that induce mtCLIC expression also increase p53 transcriptional activity.
We next tried to understand how p53 transcriptional activity is increased in mtDNA-depleted cells.
As neither the abundance of p53 (Fig. 5A) nor its binding to a consensus DNA sequence is increased in mtDNA-depleted L929 cells (data not shown), we looked for another mechanism that might regulate p53 transcriptional activity itself. The interaction between p53 and CREB was shown to be dependent on the phosphorylation status of CREB and controls the transcriptional activity of p53 in mtDNA-depleted L929 cells (26, 37) . To examine the role of CREB and p53 in mtCLIC expression, we transiently transfected mtDNA-depleted L929 cells with dominant negative mutants for CREB (K-CREB) or p53 (p53R175H), separately or in combination, before mtCLIC protein expression was analyzed by Western blot. Very interestingly, both K-CREB and p53R175H overexpression reduces the expression level of the putative intracellular chloride channel (Fig. 6D) . Overexpression of K-CREB also dramatically inhibits the expression of mtCLIC in L929 cells treated with oligomycin, antimycin A, FCCP, or incubated with TNF-α (data not shown).
We next tested the effects of K-CREB or p53R175H dominant negative mutants on p53 transcriptional activity using the p53-dependent reporter luciferase gene. As shown in Figure 7A , overexpression of both K-CREB and p53R175H completely inhibits the increased p53 activity in mtDNA-depleted L929 cells. The inhibitory effect of K-CREB on p53-dependent luciferase activity could only be explained by the interaction with CREB if the overexpression of K-CREB disrupts the interaction between the two proteins. As hypothesized, the interaction between endogenous CREB and p53 detected after co-immunoprecipitation is reduced in mtDNA-depleted L929 cells that overexpress K-CREB (Fig. 7B ). This result suggests that K-CREB prevents or disrupts the interaction between p53 and CREB and could explain why K-CREB overexpression inhibits p53 transcriptional activity in mtDNA-depleted L929 cells. Altogether, these results suggest that p53 is also a key trancription factor involved in mtCLIC expression in the L929 cell line and support the hypothesis that its role in the regulation of mtCLIC expression is mainly controlled by its interaction with CREB, a mode of action that has been described previously (37) .
Calcium is among the major intracellular mediators that have been reported to be increased by mitochondrial dysfunction (9, 26) . To investigate the potential role of calcium in the regulation of mtCLIC expression, L929 or mtDNA-depleted L929 cells were incubated with ionomycin, a calcium ionophore, or BAPTA, an intracellular calcium chelator, respectively, before mtCLIC expression was analyzed by Western blot (Fig. 8A, 8B ). Ionomycin induces mtCLIC expression in a concentration-dependent manner. The ionomycin effect is inhibited when cells are incubated with EGTA during the stimulation (data not shown). Furthermore, mtCLIC expression is reduced in BAPTA-treated mtDNA-depleted L929 cells. These results clearly show that calcium is an upstream regulator for mtCLIC expression.
Mitochondria from mtDNA-depleted cells incorporate more chlorine-36
To estimate the function of mtCLIC, the 36 Cl − uptake was then measured and compared in purified mitochondrial fraction of L929 and mtDNA-depleted cells. As shown in Figure 9A , whereas a small and slow uptake is observed in mitochondria from L929 consistent with its expression level in these cells, the uptake measured in mitochondria purified from mtDNA-depleted cells is faster and stronger. The incorporation in the mitochondria of these cells is mediated via a chloride channel as it is inhibited in a concentration-dependent manner by NPPB, a nonspecific chloride channel inhibitor (Fig. 9B) . Furthermore, mtDNA-depleted L929 cells also transport more chloride than parental cells in a NPPB-sensitive manner (data not shown).
mtCLIC is involved in the generation of a ∆ψm in mtDNA-depleted cells
To address the question of the mtCLIC biological function in mtDNA-depleted L929 cells, we investigated the effects of NPPB on the mitochondrial membrane potential measurable in mtDNA-depleted L929 cells. We first measured mitochondrial membrane potential by measuring R123 fluorescence after incorporation in mitochondria of L929 and mtDNA-depleted L929 cells, incubated or not in the presence of NPPB. Results presented in Figure 10A show that the inhibitor already significantly decreases R123 fluorescence at 1 µM, and this effect is mainly observed for the mtDNA-depleted L929 cells.
Finally, to further address the role of mtCLIC in this ∆ψm, mtDNA-depleted L929 cells were transiently transfected with either the dominant negative (DN) K-CREB or p53 R175H mutants, in order to decrease mtCLIC expression (Fig. 6D) or with different constructs encoding 5′ or 3′ GFP tagged and nontagged-mtCLIC protein targeted to the mitochondria (38) . In these conditions, we found a perfect correlation between the abundance of the protein and the R123 fluorescent signal (Fig. 10B) . Similar results as the one observed for DN K-CREB or p53 R175H were obtained when expression of mtCLIC is reduced with siRNA (Fig. 11) . Specific siRNA for mtCLIC (siRNA-1) or control siRNA (siRNA-2) duplexes were transfected into mtDNA-depleted cells. As shown in Figure 11A , siRNA-1 decreases the mtCLIC abundance, and in these conditions, the mitochondrial membrane potential measured in mtDNA-depleted L929 cells is reduced by 40% (Fig. 11B) . The abundance of mtCLIC (Fig. 11A ) and the mitochondrial membrane potential (Fig.  11B ) in mtDNA-depleted L929 cells transfected with the negative control siRNA (siRNA-2) did not differ from that of cells incubated with the transfection agent alone (JetSI) used as a control. These results show that the effects in cells transfected with the siRNA-1 that target mtCLIC mRNA are really specific.
In conclusion, the data suggest that the ∆ψm measured in mtDNA-depleted L929 cells can be modulated by mtCLIC expression level or its activity.
DISCUSSION
Deciphering the mechanisms by which mtDNA-depleted or rho0 cells are able to maintain an active mitobiogenesis and a ∆ψm despite the absence of respiration and mitochondrial DNA is a very intriguing area of modern cell biology. This means that in these cells, the ∆ψm is sufficiently maintained to allow the accumulation of mitochondrial potential-sensitive fluorescent probes. Similar observations have already been made by other groups working with rho0 cells, but little is known about the molecular mechanisms involved (39) . It has been reported that a functional F1-ATP-ase is essential to maintain growth and membrane potential of human mitochondrial DNA-depleted rho0 cells (13) . However, mtDNA-depleted L929 cells do not incorporate more ATP than the parental cells, suggesting that the reverse activity of ANT cannot account for the measured ∆ψm in these cells.
Previous studies have already focused on the identification of nuclear genes that are expressed in response to chronic mitochondrial dysfunction (11, 40, 41) . Here, we used the DD-RT-PCR technique to analyze differentially expressed genes in mtDNA-depleted L929 cells and for the first time, we demonstrate that mtCLIC, a nuclear gene encoding an intracellular chloride channel (22, 38) , is a differentially expressed gene in cells that are chronically impaired for mitochondrial activity and up-regulated by several inhibitors of oxidative phosphorylations. Note that mc3s5/mtCLIC is also expressed early in the differentiation of mouse 3T3-L1 cells into adipocytes (42) , when the ATP content is decreased by the action of the glucocorticoids added to trigger cell differentiation (43) . As suggested by the overexpression of mtCLIC protein in rho0 143 B and mutated MERRF cybrid cells, mtCLIC expression seems to be regulated by mitochondrial dysfunction in several models.
The mtCLIC molecule is a member of the p64/CLIC protein family that includes the p64-like protein parchorin and at least five human CLIC proteins with a putative intracellular anion channel activity. p64 is a membrane protein associated with organellar anion transport and was isolated first by affinity chromatography with IAA (18) . mtCLIC is a protein of ~30 kDa, shares a high homology with the carboxy-terminal domain of p64 and shows a dual cytoplasmic and mitochondrial localization (22) . Membrane-associated CLIC proteins have at least one transmembrane domain and several members have been shown to form ion channels in lipid bilayers (23) Futhermore, CLIC4 has been associated with an intracellular anion channel activity (24) .
Among the second messengers, calcium and reactive oxygen species have been reported to communicate the mitochondrial activity status to the nucleus (9, 10). We recently reported a calcium signaling cascade leading to the activation of CaMKIV and CREB phosphorylation in mtDNA-depleted L929 cells that affects cell cycle through a physical interaction between CREB and p53 (26) . Our results clearly show that calcium is also an upstream signal in the cascade controlling mtCLIC expression, as ionomycin and BAPTA are able to modulate the mtCLIC abundance in L929 and mtDNA-depleted L929 cells, respectively. All conditions that lead to mtCLIC overexpression, such as TNF-α incubation, mitochondrial metabolic inhibition, and depletion for mtDNA, also activate p53 transcriptional activity. The fact that p53(R175H) overexpression inhibits mtCLIC expression in several conditions suggests that mtCLIC is regulated in a p53-dependent manner in these cells, as it is during the differentiation of keratinocytes (22) . Indeed, Fernandez-Salas et al. reported that the region upstream of the human mtCLIC gene contains functional p53 binding sites (38) .
As recently proposed (37) and confirmed in mtDNA-depleted L929 cells (26), phosphorylated-CREB could serve as a molecular bridge between p53 and CBP. Our results are in agreement with the model that the formation of a complex containing p53 and phosphorylated-CREB facilitates the transcription of mtCLIC. Indeed, dominant negative K-CREB overexpression completely blocks p53 transcriptional activity in mtDNA-depleted cells and reduces mtCLIC expression in L929 cells treated with TNF-α, as well as in mtDNA-depleted L929 cells in which p53 is more active. As demonstrated by co-immunoprecipitation experiments, we also showed that the inhibitory effect of K-CREB on p53 transcriptional activity and mtCLIC expression in these conditions could be explained by the disruption of the CREB-p53 physical interaction (Fig. 7B ).
Chloride channels should have several cellular functions according to their cellular and tissular distribution, such as regulation of cell volume, membrane potential in transepithelial transport, participation in signal transduction, and acidification of organelles (25) . Here, we found that the level of mtCLIC expression modulates the mitochondrial membrane potential in mtDNA-depleted L929 cells as measured by the flurorescence that results from R123 accumulation. These data are supported by the inhibitory effect of NPPB, a non specific chloride channel inhibitor, on ∆ψm of mtDNA-depleted L929 cells. We also clearly show that mitochondria from mtDNA-depleted cells contain more mtCLIC protein and incorporate more chloride-36. The chloride incorporation is also inhibited by NPPB. Coupled with the observation that mitochondria of mtDNA-depleted L929 cells do not incorporate more ATP than mitochondria from control L929 cells, our results support the hypothesis that mtCLIC generates a ∆ψm in mtDNA-depleted L929. Our findings add a new mechanism to maintain a mitochondrial membrane potential but do not rule out a contribution of the ANT electrogenic pump (13) .
Despite very recent reports showing that overexpressed mtCLIC/CLIC4 could be an apoptotic effector in response to p53 and DNA damage (38) and that TGF-β1-induced CLIC4 overexpression in breast myofibroblasts retards cell mobility and might be involved in cell differentiation (44) , little is known about the biological function(s) of this protein. The reason for the absence of mtCLIC as a proapoptotic molecule in our study is unknown, but several experimental differences might be suggested. First, we used L929 fibrosarcoma cell line, and the effect of mtCLIC overexpression on mitochondrial potential is mainly studied in mtDNA-depleted L929 cells. These cells might behave totally differently in relation to mtCLIC overexpression than keratinocytes or the SP1 cell line. Second, the major effect on apoptosis after mtCLIC overexpression seems to be observed after transfection.
Finally, in mtDNA-depleted L929 cells, we found that mtCLIC is differentially overexpressed constitutively, but we failed to observe markers for apoptosis. We thus extend the putative roles of mtCLIC by showing its critical involvement in preserving an electrochemical potential across mitochondrial membranes in mtDNA-depleted L929 cells.
Further study on two questions in particular is needed. First, it will be necessary to determine whether or not the mitochondrial potential in mtDNA-depleted cells helps to prevent spontaneous apoptosis of rho0 cells, because these cells retain the possibility of undergoing induced apoptosis (45) . Second, it will be necessary to study the role of mtCLIC and mitochondrial membrane potential in the mitochondrial protein import, a crucial step involved in the mitobiogenesis of rho0 cells (46) . Also, electrophysiological studies and patch-clamp experiments on inner mitochondrial membranes or in reconstituted lipid bilayers should be done in the future to determine the effective chloride transport activity of mtCLIC and its contribution to ∆ψm. Finally, looking for mtCLIC partner proteins (21) should help to determine whether the intracellular anion channel activity of mtCLIC is direct or not. Regarding the regulation of mtCLIC activity, the identification of kinases or phosphatases that modulate the phosphorylation state of mtCLIC on several putative residues (22) should also contribute to the understanding of its biological function, particularly in mtDNA-depleted or rho0 cells. mtDNA-depleted cells and 20 µg were then subjected to denaturing gel electrophoresis. Northern blots were performed with a 32 P-labeled oligonucleotide probe that is specific for mtCLIC mRNA. After autoradiography, the membrane was reprobed with a 32 P-labeled oligonucleotide specific for GAPDH mRNA. B) Reverse Northern dot blot of differentially expressed mtCLIC. Cloned fragment was amplified, and ± 200 ng of the amplified product was immobilized on membranes that were next hybridized with 32 P-labeled cDNAs synthesized from poly(A+) RNA prepared from either L929 or mtDNAdepleted L929. C) Visualization of COXI (green) and mtCLIC (red) expression levels in L929 and mtDNA-depleted L929 cells by immunostaining and confocal microscopy. and mtDNA-depleted L929 cells (hatched columns) transiently co-transfected with K-CREB or p53R175H, separately or in combination, with the p53-sensitive luciferase reporter construct and an expression plasmid encoding β-galactosidase. Luciferase activity was determined 24 h post-transfection. Results are normalized for β-galactosidase activity and expressed in fold increase of L929 control cells as means ± 1 SD (**P<0.01, significantly different from L929; ### P<0.001, significantly different from mtDNA-depleted L929 cells). B) Co-immunoprecipitation of CREB with p53. L929 or mtDNA-depleted L929 cells were transiently transfected with a plasmid encoding GFP (control) or the dominant negative mutant K-CREB, and endogenous p53 was immunoprecipitated. Immune complexes were analyzed by immunoblotting with an anti-p53 antibody (IP p53) or an anti-CREB antibody (co-IP CREB). 36 Chlorine uptakes by purified mitochondria from L929 (black squares) and from mtDNA-depleted cells (open circles). 36 Chloride fluxes were carried out at 37°C in the presence of 15 µg of purified mitochondria determined by the Bradford method (33). Membranebound 36 Chlorine was measured by adding the radioactive mixture and immediate processing. After two washes, mitochondria were solubilized in 40 µl of 0.5 N NaOH and associated radioactivity was counted on an aliquot. Results are expressed in cpm as means ± SD (n=3) and are representative of two experiments. B) Effect of NPPB on 36 Cl-uptake by purified mitochondria from mtDNA-depleted cells. 36 Chlorine fluxes were carried out for 10 min at 37°C in the presence of 15 µg of purified mitochondria that have or have not been preincubated for 15 min with NPPB. 
